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ABSTRACT 

We have obtained 63 rotation measures (RMs) from polarization observations of south- 
ern pulsars, of which 54 are new measurements and 3 are varied from previous values. 
The new pulsar RM data at high Galactic latitudes are mostly consistent with the 
antisymmetric RM distribution found previously. For the Galactic disc, evidence for 
a field reversal near the Perseus arm, and possibly another beyond it, is presented. 
Inside the Solar Circle, in addition to the two known field reversals in or near the 
Carina-Sagittartus arm and the Crux-Scutum arm, a further reversal in the Norma 
arm is tentatively identified. These reversals, together with the pitch angle derived 
from pulsar RM and stellar polarization distributions, are consistent with bisymmct- 
ric spiral (BSS) models for the large-scale magnetic field structure in the disc of our 
Galaxy. However, discrimination between models is complicated by the presence of 
smaller-scale irregularities in the magnetic field, as well as uncertainties in the theo- 
retical modelling. 
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1 INTRODUCTION 

Early observations of starlight polarization (eg. Mathewson 
& Ford 1970), the rotation measure (RM) distribution of ex- 
tragalactic radio sources (e.g. Gardner, Morris & Whiteoak 
1969; Simard-Normandin & Kronberg 1980) and pulsar RMs 
(Manchester 1974) revealed many of the principal features 
of the Galactic magnetic field. See Han & Qiao (1994) for a 
comprehensive review of earlier work. 

Pulsars have a number of advantages as probes of the in- 
terstellar magnetic field. They typically have substantial lin- 
ear polarization, making the Faraday rotation relatively easy 
to measure; they are distributed in the Galaxy with approx- 
imately known distances, allowing the three-dimensional 
properties of the magnetic field to be investigated; and they 
apparently have no intrinsic rotation measure (Manchester 
1971). With the dispersion measure (DM), direct estimates 
of the Galactic magnetic field strength, averaged over the 
line of sight to the pulsar with a weight proportional to the 
local free electron density, can be obtained from 



= 1.232 RM/DM 



(1) 



where B\ | is in fiG and RM and DM are in their usual units, 
rad m -2 and cm -3 pc, respectively. For a positive RM, the 



mean field is directed toward us. Manchester (1974) used 
RMs of 38 pulsars to estimate the strength and direction 
of the local Galactic magnetic field, concluding that the lo- 
cal field is basically azimuthal. Thomson & Nelson (1980) 
analysed the RMs of 48 pulsars, finding evidence for a field 
reversal in the inner Carina-Sagittarius spiral arm. 

More extensive studies became possible only after the 
RMs of a large sample of pulsars had been measured. Lyne 
& Smith (1989) analysed the RMs of 185 pulsars (Hamilton 
& Lyne 1987), and found evidence for a reversal about 1 
kpc inside the Solar Circle. Comparison of pulsar and ex- 
tragalactic RMs in the anticentre direction indicated a fur- 
ther reversal at larger Galactocentric radius. Rand & Lyne 
(1994) added more pulsar RMs toward the inner Galactic 
Plane, and found evidence for two reversals, one about 0.4 
kpc inside the Solar Circle, between the Sun and the Sagit- 
tarius arm, and another at a Galactocentric radius of 5.5 
kpc (with the Sun at 8.5 kpc), near or within the Scutum 
arm. 

At least three classes of model have been proposed for 
the global structure of magnetic field in the disc of our 
Galaxy: concentric rings, an asymmetric spiral (ASS) or 
a bisymmetric spiral (BSS). Rand & Kulkarni (1989) and 
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Rand & Lyne (1994) argued that pulsar RMs are consis- 
tent with a concentric-ring model for the field. Vallee (1991, 
1996) has proposed that the field has an ASS form. Although 
a pure ASS structure has no reversals, modelling suggests 
that, depending on the initial conditions, reversals can be 
present (Poezd et al. 1993) and Vallee has argued that the 
presence of two field reversals inside the Solar Circle is con- 
sistent with the ASS model. Early analyses of the RM distri- 
bution of extragalactic radio sources (Simard-Normandin & 
Kronberg 1980; Sofue & Fujimoto 1983) suggested that the 
Galactic magnetic field has a BSS form, in which the field di- 
rection reverses from arm to arm (Heiles 1995,1996ab). Such 
structures have been deduced from radio polarization obser- 
vations of nearby spiral galaxies, such as M81 (e.g. Krause, 
Beck & Hummel 1989). A statistical study of RMs of a se- 
lected sample of pulsars at distances less than ~ 3 kpc (Han 
& Qiao 1994, 1996) also supported the BSS model for our 
Galaxy. The pitch angle^J of this large-scale field is about 
-8°. 

The magnetic field in the thick disc or halo of our 
Galaxy may have a different origin to the disc field. Han et 
al. (1997) showed that the RM distributions of extragalac- 
tic radio sources and pulsars in the inner Galaxy (between 
I = 270° and 90°) are antisymmetric with respect to the 
Galactic Plane and the meridian through the Galactic Cen- 
tre. This antisymmetry is not caused by local perturbations, 
for example, by Loop I, but results from large-scale toroidal 
magnetic field structure in the thick disc or halo, which has 
opposite directions above and below the Galactic plane, as in 
an AO dynamo mode (see Fig. 19a of Wielebinski & Krause 
1993). 

Clearly, further work is needed to determine the field 
structure of our Galaxy, especially that in the disc, and to 
clarify whether or not the fields in the disc and in the halo 
are generated or maintained by different mechanisms and 
are independent of each other (Sokoloff & Shukurov 1990). 
Observations of pulsar RMs provide a good opportunity to 
investigate these issues further. There are about 750 known 
pulsars but, up to now, only 262 pulsars have known RMs 
(see updated catalogue of Taylor, Manchester & Lyne 1993; 
TML93). In any quantitative analysis of the disc field, the 
RMs of high-latitude pulsars should be excluded, further 
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Figure 1. RM variations of three pulsars. Data of 1980 are taken 
from Taylor et al. (1993), unpublished data of Hamilton, McCul- 
loch k, Manchester (1981; HMM81), of 1987 from Costa et al. 
(1991), of 1990 from Qiao et al. (1995), of 1991 from van Ommen 
et al. (1997), and of 1996 from this paper. 

limiting the usable pulsar sample. Furthermore, the paucity 
of measured RMs in the third and fourth Galactic quadrants 
causes significant uncertainties in the analysis (Han & Qiao 
1994). 

Between 1996 August 31 and September 5, polariza- 
tion observations of 66 southern pulsars were obtained with 
the ATNF Parkes 64-m telescope, mainly at 436 and 660 
MHz (Manchester, Han & Qiao 1998). Most of these pulsars 
were discovered in the recent Parkes southern pulsar survey 
(Manchester et al. 1996; Lyne et al. 1998). In Sect. 2 of this 
paper we present RMs for most of these pulsars. We analyse 
the high-latitude magnetic features of our Galaxy in Sect. 
3 and the magnetic field structure in the thin disc in Sect. 
4. Current models are discussed in the light of the observa- 
tional evidence in Sect. 5, and conclusions are presented in 
Sect. 6. 



* There is much confusion in the literature about the definition 
of pitch angle. For our Galaxy, various authors (e.g. Georgelin & 
Georgelin 1976; Simard-Normandin & Kronberg 1980; Dame et al. 
1986; Grabelsky et al. 1988; Amaral & Lepine 1997) have defined 
pitch angles to be positive, whereas about an equal number (e.g. 
Sofue & Fujimoto 1983; Rand & Kulkarni 1989; Han & Qiao 1994; 
Vallee 1995; Beck et al. 1996; Heiles 1996a) have defined them to 
be negative. 

We propose the following physical definition, in principle ap- 
plicable to all galaxies: the galactic azimuthal angle <j> is defined 
to be increasing in the direction of galactic rotation. Logarithmic 
spirals are then defined by 

R = Ro exp(fc</>), 

where R is the radial distance and Ro is a scale radius. The pitch 
angle is p = arctan(fc). This is negative for trailing spirals such as 
our Galaxy, where R increases with decreasing azimuthal angle 
cf>. For our Galaxy, the Galactic angular momentum vector points 
toward the south Galactic pole, and (f> increases in a clockwise 
direction when viewed from the north Galactic pole. 



2 PULSAR ROTATION MEASURES 

Pulsar polarization observations were made in bands cen- 
tred on 436, 660 or 1500 MHz using the Parkes 64-m tele- 
scope of the Australia Telescope National Facility. Dual- 
channel cryogenic systems receiving orthogonal linear po- 
larizations were used at each frequency. Signals were pro- 
cessed in the Caltech correlator (Navarro 1994) , which gives 
128 lags in each of four polarization channels and folds data 
synchronously with the pulsar period in up to 1024 bins per 
period. The data were transformed to the frequency domain, 
calibrated and dedispersed to form either 8 or 16 frequency 
sub-bands and corrected for variations in parallactic angle 
and ionospheric Faraday rotation. Further observational de- 
tails can be found in Manchester et al. (1998). 

In off-line analysis, data from each observation were 
summed to form two sets of Stokes-parameter profiles for 
the upper and lower halves of the bandpass. RMs were then 
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Table 1. Rotation Measures for 63 pulsars 
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* DM values in cm^pc. a PSR B0538-75: RM= 24 ± 2 by Costa, McCulloch & Hamilton (1991), RM= 21.4 ± 0.5 by Qiao et al. 
(1995), and RM= 25.1 ±0.5 by van Ommcn ct al. (1997); 6 PSR B0742-28: RM= 150.4 ±0.1 in TML93 from Hamilton, McCulloch & 
Manchester, unpublished data (HMM81); C PSR B1114-41: RM= 50±40 by van Ommcn ct al. (1997); d PSR B1556-44: RM= -2.6±0.3 
in TML93 from HMM81, and RM= -5.1 ± 0.5 by van Ommcn ct al. (1997); e PSR B1737-39: RM= 221 ± 29 by van Ommen et al. 
(1997); ^PSR B1747-46: RM= 18 ± 3 in TML93 from HMM81 9 PSR B1826-17: RM= 317 ± 16 by Hamilton & Lyne (1987); h PSR 
B1857-26: RM= -7.3 ±0.8 in TML93 from HMM81, and RM= -9.5 ±0.5 by van Ommen et al (1997); ^SR B2048-72: RM= 17 ±1 
by Qiao ct al. (1995). 



determined by taking weighted means of posit ion- angle dif- 
ferences for bins where the uncertainty was less than 10°; 
RM uncertainties were computed from the scatter in posi- 
tion angle differences. For highly dispersed and weakly po- 
larized profiles, we searched the sub-band data in RM for a 
peak in the linearly polarized intensity L = (Q 2 + U 2 ) 1 ^ 2 . If a 
significant peak was found, the sub-band data were summed 
with correction for the Faraday rotation to form the upper 
and lower bandpass profiles, and a final value of the RM and 
its error were determined from the position-angle differences 
and uncertainties as described above. 

Rotation measures for 63 pulsars determined in this way 
are listed in Table 1. The values for Galactic longitude and 
latitude, distance estimate and dispersion measure in Ta- 
ble 1 are taken from the updated TML93 catalogue. Pre- 
viously determined RMs for nine pulsars are indicated by 



footnotes to the table. For four of these, PSRs J0742-2822, 
J1116-4122, J1741-3927, J1751-4657 and J1829-1751, 
the present RMs are either consistent with the old ones, or 
more precise. The RM of PSR J2053— 7200 seems marginally 
changed from RM= 17 ± 1 rad m~ 2 in 1990 September to 
RM= 9 ± 4 rad m~ 2 in 1996 September. As shown in Fig. 
1 the RMs of PSRs J0536-7542, J1559-4438 (see also van 
Ommen et al. 1997) and J1900-2600 have varied significantly 
over several years. Similar RM variations were seen in the 
Vela (Hamilton et al. 1977; Hamilton, Hall & Costa 1985) 
and Crab (Rankin et al. 1988) pulsars. These variations are 
probably caused by a magnetized cloud moving into or out 
of the line of sight (Hamilton et al. 1985). 

Recently, Rand & Lyne (1994) and Qiao et al. (1995) 
also published a number of new pulsar RMs. Manchester & 
Johnston (1995) and Navarro et al. (1997) report the RMs 
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Table 2. Parameters of pulsars in the south polar region 
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Figure 3. Average field strength along the line of sight versus 
distance for pulsars with 270° < Z < 90° and 15° < \b\ < 45°. 

of PSR B1259-63 and PSR J0437-4715, respectively. Com- 
bining our new measurements with all previously published 
RMs, we have a total of 318 pulsar RMs. 



3 MAGNETIC FIELD FEATURES AT HIGH 
GALACTIC LATITUDES 

3.1 The antisymmetric RM sky 

In Fig. 2(a), we show the Galactic distribution of RMs of 
all pulsars with known RMs and at latitudes \b\ > 8°. The 
latitude selection is made to emphasize the magnetic field in 
the thick disc or halo. Fig. 2(b) shows the filtered RM distri- 
bution of extragalactic radio sources (EGRS) of Han et al. 
(1997), in which RMs discrepant from their nearby neigh- 
bours by more than three standard deviations are omitted 
to more clearly show the large-scale structure of the Galac- 
tic field. The antisymmetric distribution is clearly evident 
in the inner Galactic quadrants. With a few exceptions, the 
new pulsar RM data shown in Fig. 2(a) are consistent with 
this antisymmetric RM distribution. Separating the pulsar 
RM data into three groups at different distances (< 2, 2 - 
4, and > 4 kpc) shows that the antisymmetry persists, and 
nearby pulsars show it at higher latitudes. These facts, to- 
gether with the antisymmetry seen in the RM distribution 
of EGRS, suggests that the azimuthal fields with opposite 
directions above and below the Galactic plane are pervasive 
in the thick disc or halo of our Galaxy. One discrepant re- 
gion, seen in both pulsar and EGRS RMs, is near I ~ 310°, 
b ~ 10°, where positive RMs are found. This region is dis- 
cussed in Sect. 4.4. 

With a few exceptions, both pulsar and EGRS RM data 
in the region 0° < I < 8° have the same sign as those in the 
fourth Galactic quadrant, I > 270°. These sources extend 
over both positive and negative latitudes and over a range 
of distances, suggesting a large-scale effect. This result may 
just reflect field irregularities in this region, but if confirmed 
to be large-scale, it would suggest that the magnetic field in 
the halo has a spiral component. If so, the indicated pitch 
angle is +8°, opposite in sign to that of fields in the Galactic 
disc. More RMs of distant pulsars and EGRS around this 
Galactic longitude are needed to verify this intriguing result. 

To estimate the strength of the large-scale magnetic 
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field in the inner quadrants of the Galactic halo, we plot 
in Fig. 3 the average field strength along the line of sight 
versus distance for pulsars with 15° < \b\ < 45°. Allowing 
for the effects of irregular fields and curvature of the field 
on scales larger than 2 — 3 kpc, this figure suggests that the 
large-scale field in the halo has a strength of 1 — 2 piG. 

3.2 A radial field reversal around I = 225°, 
20° < b < 50° ? 

In the region around I — 225° and 20° < b < 50° , outlined in 
Fig. 2(a) and Fig. 2(b), pulsar RMs are positive whereas the 
filtered EGRS RMs are negative. The pulsars in this region 
are mostly at distances of 1 ~ 2 kpc, and so the mean field 
over this path length is directed toward us. However, the 
mean field through the entire Galactic halo in this direction 
is directed away from us on average. It appears that there is 
a reversal of (at least the radial component of) the field at 
a distance of at least a few kpc. Although more RMs in this 
region are desirable to confirm this reversal, it demonstrates 
the large extent of the magnetoionic halo of our Galaxy and 
possible field structure within it. Recently, Haffner et al. 
(1998) have shown that very long H Q filaments exist in this 
region. If these features are associated, it would imply that 
the filaments are magnetized. 

3.3 Vertical component of local magnetic field 

The strength of the magnetic field component perpendicular 
to the Galactic Plane is a very important parameter since 
it affects the maximum particle energy in the Galactic halo 
and hence theories for the origin of cosmic rays (Biermann 
1997). It is also an important indicator of field parity in 
dynamo models (Zweibel & Heiles 1997). Han & Qiao (1994) 
used the RMs of EGRS at the two Galactic pole regions to 
investigate this 'vertical' component of the local magnetic 
field. They concluded that the local vertical field By has a 
strength of 0.2 - 0.3 fiG and is directed toward the north 
Galactic pole. Because of its importance and the difficulty 
in measuring it in other galaxies, we redetermine By based 
on the filtered RM data for EGRS (Han et al. 1997) and on 
pulsar RMs in the Galactic pole regions. 

We take sources with \b\ > 60° and compute the 
mean vertical component of the field assuming the Taylor 
& Cordes (1993) model for the Galactic electron distribu- 
tion. To eliminate any possible contamination by the fields 
of the North Polar Spur, we do not use RMs of EGRS in the 
region of 60° < b < 80° and 40° < I < 280° , where the North 



© 1999 RAS, MNRAS 000, 000-000 



Pulsar rotation measures and the magnetic structure of our Galaxy 5 



NP: b = 90° 




SP: b = -90° 



Figure 2. (a). Galactic distribution of RMs for pulsars with |6| > 8° from Taylor, Manchester & Lyne (1993), Rand & Lyne (1994), Qiao 
et al. (1995), Navarro et al. (1997) and this work. The circles represent previously published RMs, and squares indicate RMs from this 
work. Filled symbols represent positive RMs and the area of the symbols is proportional to |RM within limits of 5 and 150 rad m~ 2 . 
The dotted line indicates the antisymmetry with respect to I = 8°. The area around I ~ 225° and b ~ 30° outlined by dotted lines is 
discussed in Sect. 3.3. 




Polar Spur (Loop I: Berkhuijsen et al. 1971) goes over the 
polar region (Sofue 1994). A model fit (cf. Sect. 4.3 of Han & 
Qiao 1994) to values for the remaining 53 EGRS gives 
a value for the vertical component of By = — 0.37±0.14 fj,G. 
The minus sign means that the vertical field is directed to- 
ward the north Galactic pole. The RM contribution of this 
component is about 3 rad m~ 2 toward the southern pole and 
—3 rad m -2 toward the northern pole. If we subtract this 
contribution, the RMs of EGRS in the polar regions, mainly 



intrinsic or from the intergalactic medium, have a variance 
of 11 rad m~ . 

There are few pulsar RMs in the north polar region, 
but we can use the RMs of eight pulsars in the south polar 
region (b < —60°) as an independent check of our result. In 
Table 2, we list the parameters of these pulsars, sorted by 
distance. We see that four of the five well-determined RMs 
(error less then |-RM|) are positive, which is qualitatively 
consistent with our conclusion from the EGRS. 
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Figure 4. The RM distribution of pulsars with |6| < 8°, projected on the Galactic Plane. The size of the symbols is proportional to 
the square root of the RM, with limits of 5 and 250 rad m~ 2 with positive RMs represented by a cross and negative RMs by a circle. 
New measurements arc indicated by X and open squares. The directions of the prevailing Galactic magnetic field, as revealed by pulsar 
RMs, are indicated by arrows. The approximate locations of four spiral arms are indicated; from the centre out they are, respectively, 
the Norma arm, the Crux-Scutum arm, the Carina-Sagittarius arm and the Perseus arm (Georgelin & Georgelin 1976; Downes et al. 
1980; Caswell & Haynes 1987). The short line at I = 352° separates RMs of opposite sign as discussed in the text, and the dotted circle 
has a radius of 3 kpc. 



4 MAGNETIC FEATURES IN THE GALACTIC 
DISC 

Fig. 4 shows the RM distribution of 189 low-latitude pulsars 
(\b\ < 8°), projected onto the Galactic Plane. Separately 
plotting the data for pulsars above and below the Galactic 
plane shows little significant difference. In this section, we 
consider the structure of the local field using RMs of pulsars 
within 3 kpc of the Sun, and then discuss the evidence for 
reversals in the field at greater distances. 



and the large RMs of these pulsars; the distances of these 
pulsars may be over-estimated. 

All pulsars with distances less than 3 kpc in the region 
352° < I < 70° (indicated by a short line in Fig. 4) have pos- 
itive RMs, in contrast to negative RMs of 270° < 350° , con- 
sistent with a pitch angle for the local field of ~ —8°. Near 
and outside the solar circle, the nearby pulsars indicate a 
regular field running in the clockwise direction whereas those 
closer to the Galactic Centre indicate a counter-clockwise 
field. 



4.1 The local field 

Most previous analyses of pulsar RMs (e.g. Manchester 1974; 
Lyne & Smith 1989; Rand & Kulkarni 1989) have concluded 
that the local field is directed toward I » 95°, i.e., with a 
pitch angle of ~ 5° . This is not consistent with spiral models 
in which the field lines have a negative pitch angle similar 
to that of the spiral arms. This discrepancy may be partly 
explained by selection effects (cf. Han & Qiao 1994), espe- 
cially the lack of pulsar observations in the fourth (southern) 
quadrant, and by the influence of the large negative RMs at 
I ~ 110° to 120°. This group of large negative RMs may be 
related to the stellar complex in the Perseus arm at these 
longitudes (e.g. Fig. 2 of Efremov 1995). Passage through 
a dense ionized region could result in both the large DMs 



4.2 Field reversals in the Perseus arm and beyond 

Evidence for field reversals in the outer Galaxy (i.e. in or 
about the Perseus arm) was previously found by Lyne & 
Smith (1989) and Clegg et al. (1992). Lyne & Smith (1989) 
noticed that in the region of 105° < I < 135° the RM val- 
ues of extragalactic radio sources are notably smaller than 
those for most distant pulsars and that for some the signs 
are reversed, indicating a field reversal beyond the region 
occupied by the pulsars. Clegg et al. (1992) concluded from 
the RMs of extragalactic radio sources that there may be a 
field reversal exterior to the Solar Circle. 

As shown in Fig. 4, all distant pulsars, i.e. those out- 
side the Perseus arm, in directions between I — 55° and 80°, 
have positive RMs. This contrasts with the negative RMs 
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Figure 6. Variation of pulsar RMs with distance in the direction 
I = 327° ± 5°. Uncertainties are indicated. Trends in the RM 
variations arc indicated by the dashed lines. 



Pulsars near I ~ 113° 
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Figure 5. RMs of pulsars and extragalactic radio sources (a), 
for I = 73° ± 5°, and (b). for I = 113° ± 6°. Uncertainties in the 
RMs and distances are indicated for each pulsar. Extragalactic 
radio sources are plotted at 30 kpc. General trends in the RM 
variations with distance are indicated by dashed lines. 



of nearby pulsars in these directions. Following Clegg et al. 
(1992) and Rand & Lyne (1994), we plot in Fig. 5(a) RM ver- 
sus distance for low-latitude pulsars and extragalactic radio 
sources within 5° of I = 73° . The RM increase from negative 
values of nearby pulsars to the positive ones of these distant 
pulsars clearly indicates a reversal in the mean field direc- 
tion in or around the Perseus arm, occuring at a distance 
~ 5 kpc. However, the RMs of the EGRS are again negative, 
indicating a further reversal at distances J> 15 kpc. Clearly, 
the magnetoionic disc of our Galaxy is very extended (cf. 
Han & Qiao 1994; Clegg et al. 1992). 

RMs in directions around I ~ 113° also give some in- 
dication of a field reversal at a distance of about 5-7 kpc 
(but note that the pulsar distances may be overestimated as 
mentioned in Sect. 4.1). As shown in Fig. 5(b), the RMs of 
pulsars and EGRS beyond this distance become less nega- 
tive in general, indicating a positive contribution to the RM 
from the reversed field in the region beyond the Perseus arm. 

Therefore, both of these figures indicate a counter- 
clockwise field in the region in and beyond the Perseus arm 
(viewed from the north), in contrast to the clockwise field 
between the Perseus and Sagittarius arms. Positive RMs 
around I ~ 150° are consistent with this reversed field. How- 
ever, in the direction of 180° < / < 190°, RMs are scat- 
tered both positive and negative. In this direction, the lines 
of sight are approximately perpendicular to the large-scale 
field, allowing smaller scale irregularities to dominate. 



4.3 Evidence for a third field reversal inside the 
solar circle? 

Previous work has identified two field reversals inside the 
Solar Circle, in the Carina-Sagittartus arm and in the Crux- 
Scutum arm (e.g. Vallee 1991; Rand & Kulkarni 1989; Rand 
& Lyne 1994). A third field reversal in the Norma arm is 
predicted by the BSS models of Sofue & Fujimoto (1983) 
and Han & Qiao (1994). Considering the spiral form of 
the Norma arm, we choose directions around I ~ 327° and 
/ ~ 10° to examine the RM variations with distance. If the 
magnetic field follows the spiral arms, as has been seen in 
nearby spiral galaxies (Beck et al. 1996; Kronberg 1994), it 
would be almost parallel to the line of sight and hence have 
the largest RM contribution in these directions. 

For I ~ 327° (Fig. 6), the local field within 1 kpc is re- 
sponsible for positive RMs of the nearby pulsars, indicating 
a clockwise field near the Sun. Between ~ 1 and ~ 4 kpc, 
between the Carina-Sagittarius arm and the Crux-Scutum 
arms, the field direction is reversed. Beyond this distance, 
the RMs show an increasing trend, indicating a second rever- 
sal to a clockwise field between the Crux-Scutum and Norma 
arms. Beyond this, at distances <; 6 kpc, there is some in- 
dication that the RMs are decreasing again, suggesting a 
possible third reversal in or near the Norma arm. 



4.4 Positive RMs in the fourth Galactic quadrant 

At longitudes between 280° and 310° and distances greater 
than 3 kpc, there is a group of pulsars with positive RMs 
(Fig. 4) . These pulsars lie between the Carina and Crux arms 
and, according to the BSS model, should have negative RMs 
to complement the positive RMs at longitudes between 35° 
and 55°. As shown in Fig. 7, these RMs are consistent with 
the concentric model, but the many positive RMs in the 
range 300 to 320° at distances greater than 2.5 kpc are not. 

Fig. 8 shows that the positive RMs and hence positive 
(.B||) at low latitudes in the region between 280° and 310° 
are mostly above the Galactic Plane, whereas those with 
negative (-B||) mostly lie below the Plane. This reversal from 
the general pattern is probably related to an anomalous re- 
gion in this direction at distances greater than about 3 kpc. 
It may represent a large-scale component of the random field 
or a systematic distortion of the uniform field, and should 
be investigated in future with more pulsar RM data. Neither 
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Figure 7. Distribution of pulsar RMs and the concentric-ring model sketched according to Rand & Kulkarni (1989) and Rand & Lyne 
(1994). Field directions expected for this model are indicated by arrows and the dashed circles show where the field lines reverse. The 
dotted circles indicate equal distances from the Sun. 
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Figure 8. Distribution of of all measured pulsar RMs in Galactic coordinates. Plus signs indicate the average field is directed 

towards us, and circles indicate the average field is directed away from us. The size of symbols is proportional to the field strength within 
limits of 0.8/^G and 2.5/^G. 



Loop I nor the Gum Nebula can account for it as both of 
these are much closer. 



5 DISCUSSION 

The results presented in Sections 3 and 4 show that the 
magnetic field in our Galaxy has a very complicated struc- 



ture. In the thick disc or halo, there is an azimuthal or spiral 
field with odd symmetry with respect to Galactic plane. The 
vertical field in the nearby halo is another discriminator for 
odd parity (Zweibel & Heiles 1997). There is some evidence 
for such a vertical field in both the pulsar and EGRS data, 
but at present its statistical significance is weak. In the disc, 
the field structure is probably related to the spiral arms, 
as is seen in nearby galaxies (see Beck et al. 1996). Dis- 
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crimination between the three main models for the disc field 
proposed so far, the concentric-ring model, the axisymmet- 
ric spiral (ASS) model, and the bisymmetric spiral (BSS) 
model, relies mainly on estimates of the pitch angle of the 
large-scale field component and the presence and number of 
field reversals as a function of Galactocentric radius. Unfor- 
tunately, the dominance of irregular structures in the field 
(Ohno & Shibata 1993) makes discrimination between the 
various models difficult. 

Only the concentric-ring model has a pitch angle of zero; 
the two spiral models predict a pitch angle close to that of 
the spiral arms. In our Galaxy, both starlight polarization 
(Heiles 1996a) and the Faraday rotation measurements (Han 
& Qiao 1993, 1994; Sect. 4 above) suggest a pitch angle 
for the local field of ~ —8°, somewhat less than the pitch 
angle of spiral arms which is between —8° and —14°, with 
a best estimate of —12° (Vallee 1995). As discussed in Sect. 
4.4, many of the observed RMs, in particular, those around 
/ ~ 310°, are not consistent with the ring model. Similarly, 
the group of positive RMs at large distances around / ~ 
70° are inconsistent with this model. Furthermore, there are 
theoretical difficulties with a circular field structure (Beck et 
al. 1996). We therefore consider that there is little support 
for the concentric-ring model of the Galactic magnetic field. 

In its pure form, an ASS field has no reversals as a func- 
tion of Galactocentric radius. Such a field structure can be 
generated by dynamo action. However, in one-dimensional 
simulations, Poezd et al. (1993) showed that the ASS field 
generated by dynamo models could have field reversals. The 
form and number of these is dependent on assumptions 
about the initial conditions and the number of galactic ro- 
tations and these results need to be confirmed with more 
realistic (3D) simulations. In external galaxies, field rever- 
sals associated with spiral arms have been observed only 
in BSS candidates (e.g. Beck et al. 1996; Zweibel & Heiles 
1997). 

In our Galaxy, there is good evidence for one and weaker 
evidence for two reversals in and beyond the Perseus arm 
(see also Heiles 1995, 1996ab). Inside the solar Circle, two re- 
versals seem to be more or less certain and we give marginal 
evidence for a possible third reversal associated with the 
Norma arm. This means that in all there are probably three, 
maybe up to five, reversals in the direction of the large- 
scale Galactic field as a function of Galactocentric radius. 
This number of reversals is less consistent with ASS mod- 
els, which have no intrinsic reversals, than with BSS models 
which have reversals associated with the spiral arms. 

On the other hand, the observed antisymmetry of high- 
latitude RMs suggests that the field in the thick disc and 
halo of the Galaxy has an AO form and hence probably gen- 
erated or maintained by a large-scale dynamo (Han et al. 
1997). Yet there is good evidence for close connections be- 
tween the disc and halo field. For example, around I ~ 45°, 
there are positive RMs extending from b ~ 0° to high posi- 
tive latitudes (Fig. 8). At high latitudes, these positive RMs 
form part of the antisymmetric halo field. Many of the disc 
pulsars with positive RMs are at distances of several kpc 
(Fig. 4), and their existence is a large part of the argument 
for the field reversal inside the Sagittarius arm. 

Clearly, the question of the origin and structure of the 
Galactic magnetic field has not yet been answered. There 
is evidence for ordered magnetic fields in early epochs of 



galaxy formation (Udomparsert et al. 1997; Athreya et al. 
1998), but dynamo processes (Parker 1997; Kulsrud 1997) 
will very likely amplify and modify the field structure. More 
realistic simulations (e.g. Bykov et al. 1997; Rohde & Elstner 
1998) show wide variations in the form of the large scale 
field. Furthermore, the field structure can be complicated by 
spiral streaming (Lou & Fan 1998; Moss 1998), stellar wind 
bubbles and supernova events. It is not surprising that the 
observed field structure in galactic disks cannot yet be fully 
explained by dynamo models (see the reviews by Kronberg 
1994 and Beck et al. 1996). 



6 CONCLUSIONS 

In this paper, we present RMs for 63 pulsars, 54 of which 
have no previously published RM data. RMs of three pulsars 
are shown to have significant variations over timescales of 
several years. These results reveal the complicated structure 
of the Galactic magnetic field. 

At high Galactic latitudes, the results are largely con- 
sistent with the antisymmetric field pattern found by Han et 
al. (1997). Marginal evidence was found for a leading spiral 
component in the halo field. An interesting region of reversed 
radial field at distances of a few kpc was found in the region 
I ~ 225°, 20° < b < 50°. 

Previous observations of fields in the Galactic disc have 
provided good evidence for two reversals in the large-scale 
azimuthal field, one inside the Carina-Sagittarius arm at 
a Galactocentric radius R ~ 8 kpc (Rq = 8.5 kpc), and 
the other near the Crux-Scutum arm at R ~ 5.5 kpc, and 
weaker evidence for a reversal near or beyond the Perseus 
arm at R <; 10 kpc (see Heiles 1995, 1996b). The new re- 
sults strengthen the evidence for the Perseus arm reversal 
and provide marginal evidence for two additional reversals, 
one beyond the Perseus arm and one in the inner Galaxy 
near the Norma arm at R ~ 3 kpc. These results, coupled 
with good evidence that the large-scale disc fields are spiral 
with a pitch angle ~ —8°, are most consistent with a bisym- 
metric spiral (BSS) form for the disc field. However, posi- 
tive RMs observed for pulsars located between the Carina- 
Sagittartus and Crux-Scutum arms in the fourth Galactic 
quadrant cannot be explained by any spiral model. There is 
some evidence that the disc and halo fields are connected, 
further complicating their interpretation. 
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